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Abstract: The article considers the feasibility of changing the structure of a distribution electrical
network by transferring points of electricity transformation as close to consumers as possible. This
approach is based on installation of pole-mounted transformer substations (PMTS) near consumer
groups and changes the topology of the electrical network. At the same time, for groups of
consumers, the configuration of sections of the low-voltage network, including service drops,
changes. The efficiency of approaching transformer substations to consumers was estimated by the
reduction in electrical energy losses due to the expansion of the high-voltage network. The
calculation of electrical losses was carried out according to twenty-four hour consumer demand
curve. To estimate the power losses in each section of the electrical network of high and low
voltage, the calculated expressions were obtained. For the considered example, the electrical
energy losses in the whole network with a modified topology is reduced by about two times, while
in a high-voltage network with the same transmitted power, the losses are reduced to a practically
insignificant level, and in installed PMTS transformers they increase mainly due to the rise in total
idle losses. The payback period of additional capital investments in option with modified topology
will be significantly greater if payback is assessed only by saving losses cost. Consequently, the
determination of the feasibility of applying this approach should be carried out taking into account
such factors as increasing the reliability of electricity supply, improving the quality of electricity,
and increasing the power transmission capacity of the main part of electrical network.
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Pesome: B cmamve paccmampugaemcs — yenecooOpasHOCmb — UBMEHeHUs,  CIpYyKmypbl
pacnpeoenumenvHoll  1eKmMpU4eckoll cemu nymeM HepeHoca HYHKMOE mpancgopmayuu
INIeKMPOIHEP2UU KAK MOAHCHO Oudice K nompedbumenam. Taxoii nooxo0 onupaemcs Ha yCmaHosKy
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60u3u epynn nompebumenei cmoaoogvix mpancgopmamoprvix noocmanyuu (CTI) u mensem
mononozauio  dnekmpudeckoi cemu. Ilpu smom Ona epynn  nompebumeneti  UMEHIEMCS
KOH@uUaypayus y4acmkog cemu HU3KO20 HANPANCEHUs, BKIIOYAIOWUX 8600bl 8 00MA U 30AHUSL
Dgppexmusnocmv  npubIUdICEHUS  MPAHCHOPMAMOPHBIX ~ NOOCMAHYULL K nompebumensim
OYEHUBANACL NO BENUHUHE CHUIICEHUS NOMepb INEKMPOIHEePSUU 3d Cuem pACUUpeHus cemu
8bICOKO20 Hanpsidicenus. Pacuem nomepv anexmposuepauu  Obii  GLINOIHEH NO  HACOBbIM
UHMEPBANAM MUNOBO20 CYMOYHO20 2paghuka Hazpysku nompebumenei. bviiu nonyuensl
pacuemuvle GbIPANCEHUS, NO3BONAIOUWUE BLIYUCIUMb NOMEPU MOWHOCMU HA 6CEX YYaACmKax
INEKMPUYECKUX cemell HUKO20 U 8bICOKO20 Hanpsidicenus. s paccMompeHHo2o npumepa nomepu
INEKMPOIHEP2UL 8 YETOM IO CeMU € USMEHEHHOU MONON02UEH CHUINCAIOMCSL NPUMEPHO 8 084 pa3d,
npu 9MOM 8 Cemu GblCOKO20 HANPSNCEHUs. C NpedcHell nepeodsaemoli MOWHOCMbIO nomepu
CHUIICATOMCSL 00 NPAKMUYECKU HE3HAYUMO20 YPOBHSL, A CYMMAPHbIE NOMeEPU 8 MPAHCHOPMAMOpPax
803pacmaiom 8 OCHOGHOM U3-3a pOocma oOwux nomepv xorocmoeo xooa. Cpox oxynaemocmu
OONOJIHUMENbHBIX KANUMALbHBIX GJI0JCEHU 6 6aApUAHmM ¢ U3IMEHEHHOU mononozuel 6ydem
00CMAmMOYHO OOILWUM, eClU OKYRAeMOCmb Oy0em OYeHUBAmbCsi MOIbKO 3a CHem SKOHOMUU npu
cHudiceHuu nomeps. OnpeodeneHue YerecooOPA3sHOCMU NPUMEHEHUs. OAHHO20 N00xX00a cledyem
nPpou3800UmMb ¢ Y4EMoM MAKux akmopos, Kax yeeaudeHue HAOEHCHOCMU IJ1eKMpPOCHAOICEHUs,
nOGbIUEHUE KAYeCmEa INEKMPOIHEP2UL U YEeTUudeHUe NPONYCKHOU CROCOOHOCIU MASUCMPATbHOU
yacmu dNeKMpU4ecKkoll cemu.

Knwwuesvie cnosa: pacnpederumenvhas —cemv; nomepu  3NeKMPOIHEPISUU;  KA4eCME0
INEKMPOIHEPSULL; NPONYCKHAsL CnocobHOCmb; HA0EHCHOCMb INEKMPOCHAONCEHUSL;
9HepaochepediceHue; MeXHUKO-IKOHOMUYECKoe 000CHO8anue, cmoaboeasi mpanchopmamopHas
NnOOCMAanyusl.

Introduction

The problem of high energy losses and low voltage levels in low-voltage distribution
networks (secondary distribution networks) is discussed in many publications, for example [1-3].
To solve this problem, well-known methods are used [4, 5], namely: replacing overhead line
(OHL) wires with larger cross-section wires, disaggregation of lines, reactive power compensation
and installation of control transformers. The transfer of electrical network to a higher rated voltage
for low-voltage networks is not applied, since power receivers are connected directly to this
network.

For suburban and rural networks, overhead lines are used, which account for the majority of
the load losses. Load losses also occur in a step-down transformer of a transformer substation (TS)
and inputs to houses and buildings. Transfer to a higher rated voltage in such networks is possible
on the sections of the overhead line and on branches from it when moving the transformation
closer to consumers using pole-mounted transformer substations (PMTS). This approach is used in
many countries, in particular the USA and Canada [6, 7], where three-phase distribution
(12.47/0.416 kV) and single-phase (7.2/0.24 kV) transformers are usually installed near
consumers.

In the Russian literature, there appear proposals for the use of the so-called innovative
network in which pole-mounted transformer substations (PMTS) are as close to the consumer as
possible [8, 9]. The innovative project of Rosseti® considers the use of 6-10/0.4 kV PMTS with
capacities from 25 to 100 kVA, installed in close proximity to consumers and allowing one to
minimize the length of 0.4 kV OHL. The project aims to increase the reliability of electricity
supply to consumers through the use of simpler design solutions: the use of PMTS installed on

! Innovation and evolution. Rosseti // Electrical energy. Transmission and distribution. 2017
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standard supports; replacement of disconnectors and fuses by reclosers installed on branches from
OHL 10 kV lines and ensuring their protection up to PMTS installed.

For electrical networks of external power supply with a voltage of 0.4-10 kV for
agricultural purposes, the new construction is recommended to be carried out by transferring
transformation points (several PMTS 10/0.4 kV with a capacity of up to 40 kV-A with single-
phase and three-phase transformers) directly to the consumer.

The benefits of PMTS using near consumers are:

. Improving the quality of electricity at the consumer;

. Reduction of electricity load losses;

. Reduction of commercial electricity losses;

. Reduction of operating costs;

. Simplification of the installation of automated electricity metering;
. Simplification of the installation of protective equipment;

. Increasing the transmitting capacity of main OHL;

. Improving the reliability of power supply.

We should also note the following disadvantages of expanding the 10 kV network, replacing the
0.4 kV network:

o Increasing the OHL cost;
o Increasing the total cost of distribution transformers;
o Increasing the idle losses.

The feasibility study of the new network topology can give various results, which are
determined by the specifics of consumers’ location, their capacity and daily load schedules, as well
as by the lengths of the main line and branches from it. PMTS power and the number of
consumers connected to them are also of importance.

Materials and methods

Consider one approach to justifying a project to build a 10/0.4 kV electrical network with
TS transfer as close to electricity consumers as possible.

To justify this approach, we adopt a method for comparing network construction variants.

New construction can be performed in 2 options:

Option 1. The network is constructed by steel insulated wires (the Russian SIP type) at a
voltage of 0.4 kV. The cost of TS is included in the capital investment of the option (traditional
option).

Option 2. The network is constructed by protected wires (SIP3) at a voltage of 10 kV with
PMTS being placed near a group of consumers (1-6 and more) and inputs into buildings at a
voltage of 0.4 kV. There is no centralized TS, and a new 10 kV line connects to the existing 10 kV
network.

For simplicity, we assume that consumers have the same power and the same configuration
of the daily load schedule, the main line does not have branches and consumers are evenly
distributed along the main line on both sides of it, and the length of the inputs to them from one
support on both sides of the main line is the same.

As a comparison criterion, we take the total discounted costs for the eight-year life of the
facility. Schemes of the options are shown in Figs. 1 and 2.

We accept the cost of construction of 1 km of 0.4 kV OHL with SIP2 wires 3x50+1x54.6 -
1200 ths. rubles, and for 10 kV OHL with SIP3 50 wires - 1885 ths. rubles. Given the market cost
of 4 PMTS with transformers of 25 kV-A and TS with a transformer of 100 kV-A, as well as the
cost of SIP4 wires 2x25 for inputs to buildings, we get the cost of constructing 0.4 and 10 kV
network options, respectively, 1103 and 1654 ths. rubles.

2 Integrated price standards for typical technological solutions for capital construction of electrical
power facilities in terms of electrical grid facilities. Approved by order of the Ministry of Energy of Russia
dated February 8, 2016 No. 75.
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Fig. 2. Scheme of a 10 kV network option using PMTS (version with 10 consumers
at PMTS). The supports on which the PMTS are mounted are indicated by dark gray.

Electricity losses AW for the two options are determined using the formula:

where AWg, is the losses in overhead line; AW, is the losses for inputs to buildings; AWy is

the load losses in transformers; AWy is the losses of idling in transformers.

A significant share of power losses

for a low-voltage network occurs in

100 the OHL network sections, for

example, according to [10], losses in

50 OHL are 91.8%, and at inputs

(connections) of consumers it is 8.2%.

0 Therefore, by changing OHL to 10

kV voltage can have a very large
impact on reducing line losses.

A 10 kV OHL with a function

Hours of power distribution to consumers

Fig. 3. A twenty-four hour load chart for private houses with PMTS will be characterized by

low load and low current density.

Replacing a 0.4 kV line with a

maximum current of about 200 A at

the head section (current density of

about 4 A/mm?) with OHL of 10 kV, we have a 25-fold decrease in current and current density

(with the same wire section): 0.16 A/mm?, which entails a huge reduction in power losses: 25

times. The load losses in such OHL become negligible. It is natural to believe that a 10 kV

network can and should cover much more consumers and it should be used where 2 or more TS
are using a traditional power supply scheme with a 0.4 kV network.

For numerical estimation of losses reduction, we compare losses in the schemes shown in
Figs. 1 and 2. To calculate the losses, we take the daily schedule of the private houses load shown
in Fig. 3.

The monthly electricity consumption of a residential building in which three people live
can be taken 470 kWh, therefore, the average power consumed by one house is: Pav=0.654 kW.
Assuming that the daily load schedule of one month is the same for all days of the month, we get
the average power equal to 63.4%, so the schedule fill factor $=0.634 and the maximum power
Pmax=1.03 kW. It should be noted that the considered load shedule refers to the total power of the
line, and for each house individually or several houses, the fill factor will be less, and the energy
losses in the OHL end sections and at the inputs will be more. For simplicity, we accept the same
schedule for all parts of the network.

Load, %

1 357 911131517192123
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Losses calculation for networks with 0.4 kV OHL
Power losses in a single-phase input into the building at the considered time i are:

|:1|2 (1+ tgz(P) 0, 2l
2
Ubn
where B is the power consumed by the house during the considered hour; tge is the reactive

AP|n_i =

power coefficient; Iy iy is the linear resistance of the input conductor, lin is the length of inputs

from a certain pole; U rzah is the network phase voltage.

Power losses in inputs to the entire building at the considered time i:,
APZin i =nhAPin_i,

where ny, is the amount of houses.
Power losses at the OHL section K at the considered time i:
2
k

2
2
(PI +A4Rn _)nik"‘Zm:MPsec. OHL i,m-1 +|:1+tg (PJ 10,0HLbsec. OHL

APsec OHL ik =
sec i, U 2
k
- - - AP -
where k is the section number, starting from the furthest from TS ,zmzl sec. OHL i,m-1 1S the

sum of losses at the previous OHL sections; n; is the amount of houses connected to one PMTS;
Io.oHL IS the specific resistance of the OHL wire; I oy is the length of one OHL section; U =

0.4 kV is the linear network voltage k, = 1.2 is the non-uniformity coefficient, which takes into

account the increase in power losses caused by the imbalance of the OHL phase load currents [11].
In this formula losses of reactive power for simplicity are not taken into account due to the
low values of SIP inductive resistances.
OHL power losses at the considered time i:

n
APopLi =Y APsec oMLk
Load losses in transformer at the considered time

2
{[nnpu + AR + APoHL i:| [1+t92<|>}} Ry
APri = ,
UAv
where Ry is the transformer resistance; Uy, is the voltage of high-voltage winding of
transformer.

Daily power losses in the inputs, OHL and transformers are determined by summing 24
values of hourly power losses, the idle energy losses in the transformer is equal to the product of
the idle power losses by 24 hours.

Methodology for calculating network losses with 10 kV OHL and PMTS

We accept the condition that there is a separate input for each building connected to the
PMTS, while the length of the inputs for houses remote from the PMTS can be large, and
neighboring supports are used to suspend them.
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It is convenient to determine the power losses at the inputs to the buildings and 0.4 kV
OHL, going from one PMTS in the considered hour through the average length for the inputs of

R2(1+tg%p |1y :n2lin_av
one PMTS:, | : ( g (p) e

in—av ARy j =N pmTS

2
Ubh
where B is the power consumed by the house during the considered hour; tgpis the reactive
power coefficient; ry ;,is the linear resistance of the input conductor; li, 5, is the average length

for the inputs of this PMTS; Ny, pmTs IS the amount of houses connected to one PMTS; U ph is the

network phase voltage.
Power losses at the PMTS transformer windings at the considered time i:

[ (RPhpmTs +AP|n_n)2(1+tg(P)RT ]
Uj ’
Av

APri =Npmrs

where Npyrs IS the amount of PMTS.
Transformer idle power losses are:.
AR =Npprs ARgle-
Power losses at the 10 kV OHL section k at the considered time i:,

2
K
2
(Rnhprms + AP i + ARgie K+ D" m=14Psec oL i,ml} (1+ tg (P)FO,OHLlsec.OHL

APsec OHL ik =

U2

where lgo. op is the length of the 10 kV section between two PMTS; U =10 kV is the linear
OHL voltage.
OHL power losses at the considered time i:. ARy = Z k APsec.OHL i k-

Daily power losses in the inputs, OHL and transformers are determined by summing 24
values of hourly power losses, the idle energy losses in the transformer is equal to the product of
the idle power losses by 24 hours.

The following values are taken in the calculations [12]: the linear resistance of the SIP2
wire is 3x50+1x54.6: 0.641 Ohm/km, the linear resistance of the SIP-3 wire 50 is: 0.72 Ohm/km,
the linear resistance of the SIP-4 wire 2x25 is: 1.2 Ohm/km

Active resistances of transformers [13]:

_P.-UZ, 1970.10°

TMG-100/10: Rr e = ~— =19,70hm
S2, 100
P..U2. 600-102
TMG -25/10: Rp =X >ral = 22 —960hm
Srat 25
Results

For the first option, losses in the network with 0.38 kV OHL (Fig. 1) amounted to 31.83
kWh (4.83% of the transmitted energy); for the second option, the losses in the network with 10
kV OHL and PMTS (Fig. 2) amounted to 15.7 kWh (2.44% of the transmitted power). Thus,
losses decreased by 2 times when using a network with PMTS. The structure of losses is shown in
Figs. 4 and 5.

The payback period of the option with large capital investments (10 kV network) will be
long enough if the payback is estimated only by saving losses. Approximately accepting annual
electricity losses as daily losses multiplied by the number of days in a year, for the given example,
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additional capital investments in the second option will pay off by saving losses for 31 years. At
the same time, taking into account an increase in the reliability of power supply, an increase in the
quality of voltage among consumers, as well as a number of other indicators, the electrical network
of 10 kV should be considered more preferable. A similar assessment is given by the authors [14],
arguing that such reconstruction or new construction provides significant savings in network losses
compared to any other method under consideration, but the initial high investment outweighs the
benefits offered for the remaining part of the evaluation period.

Idle run Losses
losses at
22% inputs
2%
Load
losses
in OHL
transfor losses

64%
Fig. 4. The structure of losses in the network with an 0.38 kV OHL with the head TS

Losses at
inputs HL
6% losses
0% | Load
losses in
transform
er
30%
Idle run
losses
64%

Fig. 5. The structure of losses in the network with an 10 kV OHL with PMTS

Calculations of electrical energy losses made for cases of installation of 5, 6, and 8 PMTS
(the number of connected houses to one PMTS, respectively, are 8, 6, and one PMTS with 4
houses and 5) showed an increase in losses with an increase in the number of PMTS. Since that
losses for a 10 kV network are determined only by losses in transformers (Fig. 5), with a decrease
in the load per one PMTS (number of houses), the total load losses in transformers decrease, while
the total idle losses increase as the number of transformers increases. In this case, idle run losses
prevail over load losses, and the total losses in transformers increase.

Comparing the economic efficiency of construction of distribution networks using PMTS in
Russia and North America, where such networks are widespread, it is worth noting that in Russia
the cost of electricity for the population is about two times lower than in the United States. And
the energy consumption by one house in the USA is 897 kWh [15], which is almost twice as much
as in Russia.

Conclusions

1. In an electrical network with PMTS located as close to the consumer as possible, the
losses in medium-voltage OHL become insignificant, while the losses in PMTS transformers
increase. In general, losses are mostly reduced.
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2. The more consumers (houses) are connected to one PMTS, the lower the total power
losses in the transformers and in the network as a whole are, while losses at the inputs increase due

to an increase in their length.

3. The rationale for building a network with PMTS as close to the consumer as possible
cannot be done taking into account only the reduction of electrical energy losses in the network;
one should evaluate the improvement of electrical energy quality, the reliability of power supply
and the reduction of operation costs. Improving the quality of electrical energy, first of all, will
affect the reduction of negative voltage deviation among consumers, as well as the voltage
asymmetry coefficient in the zero sequence. It should be expected that an increase in the reliability
of power supply will occur due to a decrease in the failure rate of a total network of 10/0.4 kV, by
switching off only PMTS with damaged sections of the 0.4 kV network, as well as due to a higher
level of 10 kV OHL reliability as compared to 0.4 kV OHL.
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